Human population studies show that dietary red and processed, but not white, meats are associated with increased risk of colorectal cancer but dietary fibre appears to be protective. We examined whether dietary cooked red or white meat had differential effects on colonic DNA damage in rats and if resistant starch (RS), a dietary fibre component, provided protection. Rats were fed diets containing approximately 15, 25 or 35% of cooked beef or chicken, both with or without 20% high-amylose maize starch (HAMS) as a source of RS, for 4 weeks. DNA single-strand breaks (SSB) and double-strand breaks (DSB) were measured in isolated colonocytes (by comet assay) along with apoptosis levels, colonic mucus thickness and large bowel short-chain fatty acids (SCFA). Both red and white meat increased colonocyte SSB and DSB dose dependently but damage was substantially greater with red meat. Dietary HAMS prevented these increases. Apoptotic cell numbers were increased dose dependently by red meat irrespective of HAMS feeding, whereas white meat only increased apoptotic cell numbers in the presence of HAMS. Red meat induced greater colonic mucus layer thinning than white meat but HAMS was protective in both cases. HAMS induced increases in large bowel SCFA, including butyrate, and significantly lowered concentrations of phenols and cresols. We have demonstrated that dietary red meat causes greater levels of colonic DNA SSB and DSB than white meat, consistent with the epidemiological data. Dietary RS protects against this damage and also against loss of the mucus barrier, probably through increased butyrate production.
Introduction
Recent epidemiological data indicate an increased risk of colorectal cancer (CRC) through consumption of red or processed meats but not white meat and that dietary fibre is protective (1) (2) (3) (4) (5) ). An international epidemiological study also identified protein per se as an independent risk factor for CRC (6) . Genetic damage is a prerequisite for cancer and previously we have used a rat model to explore the effects of dietary proteins on colonocyte DNA single-strand breaks (SSB) as measured by the comet assay (7) (8) (9) . We showed that casein, cooked red meat or soy, but not a whey extract, increased genetic damage. Cooked red meat consumption also resulted in a significant thinning of the colonic mucus barrier. These adverse outcomes induced by high concentrations of protein were largely abolished by the dietary inclusion of high-amylose maize starch (HAMS) as a source of resistant starch (RS). As little as 10% of HAMS in the diet reduced DNA damage induced by a high-casein diet by $40% (10) . This is consistent with the study of Le Leu et al. (11) , which shows that similar levels of dietary HAMS are capable of ameliorating dietary protein enhancement of azoxymethane-induced tumorigenesis in rats. Other studies have shown that some diets, including high-meat, high-fat, low-fibre 'western' diets, can increase the toxicity of human faecal water on cultured colon cancer cell lines (12) (13) (14) (15) . These data indicate that a high level of red meat consumption (in the absence of RS) increases the genotoxic load in the colon and creates an environment conducive to tumorigenesis.
RS is fermented extensively by the large bowel microflora leading to the production of short-chain fatty acids (SCFA). SCFA promote visceral function and are likely mediators of the protection afforded by RS against protein-induced DNA damage. It appears likely that a specific acid, butyrate, is the prime protective agent as it promotes a normal cell phenotype, including enhancing apoptosis in cells with extensive DNA damage (16) .
In the present study, we have used rats to determine whether the observed differences in CRC risk in humans for diets high in red and white meats are reflected in differential levels of DNA damage in colonocytes and to determine if dietary RS (as HAMS) was protective. Also for the first time, the effects of high protein and RS diets on numbers of both SSB and double-strand breaks (DSB) in DNA of extracted colonocytes were examined. DSBs are regarded as being a more deleterious form of DNA damage than SSBs in relation to carcinogenesis (17) . To determine if effects of protein on bowel health are dose dependent, we have included meat in the diet at 15, 25 and 35%. HAMS was included in the diet at 20%, a level shown previously sufficient to protect against high protein-induced colonic DNA damage (10) . Numbers of apoptotic colonocytes, colonic mucus thickness, caecal and faecal SCFA concentrations and weights of various tissues are also reported.
Materials and methods

Animals and diets
Adult, male Sprague-Dawley rats (n 5 96) weighing $200 g were obtained from the Animal Resource Centre, Murdoch University, Perth, Western Australia. Rats were housed in wire-bottomed cages in a room of controlled heating and lighting (23°C with a 12 h light-dark cycle) and had free access to food and water. They were allocated randomly to 12 groups (n 5 8 per group) and fed one of 12 diets (Table I) for 4 weeks. The diets, based on the AIN-93 diet (18) , contained 15, 25 or 35% red meat (beef round rump boneless steak trimmed of fat) or 13, 22 or 30% white meat (chicken breast trimmed of fat) with or without 20% HAMS (Hi-maize TM , National Starch and Chemical Company, New South Wales, Australia). Meats, purchased from Central Market Meat (Adelaide, South Australia, Australia), were cooked on a hotplate with a temperature of 150°C until lightly browned. The meat was then dried at 45°C for 48 h and milled to provide products containing 73.4% protein and 18.3% fat (beef) and 84.7% protein and 8.9% fat (chicken). These values are expressed on a dry weight basis with bound water making up the difference to 100%. To compensate for higher protein levels in the chicken meat, slightly lower doses of chicken meat were chosen to give equivalent levels of protein to those in red meat. Beef tallow was added to the chicken treatments to match the fat content in the beef treatments. Diets without HAMS contained highly digestible starch (cornstarch, National Starch and Chemical Company) instead. The ileal digestibility of HAMS and the cornstarch were previously determined in rats and shown to be 58% (i.e. 42% RS) and 99% (1% RS), respectively (19) . All diets contained 5% wheat bran as fibre source.
In the final 4 days of the experiment, rats were placed in metabolic cages to measure faecal and urinary output. At the conclusion of the study, the rats were anesthetized with 4% halothane/oxygen and gut tissues and digesta were collected for analyses. All procedures involving animals were approved by the Commonwealth Scientific and Industrial Research Organisation CSIRO Human Nutrition Animal Ethics Committee and the University of Adelaide Animal Ethics Committee.
Comet assay (single-strand and double-strand DNA breaks) A 6 cm segment of colon was removed from each rat at a point 3 cm from the most distal end of the colon and colonocytes were isolated immediately.
Abbreviations: CRC, colorectal cancer; DSB, double-strand break; HAMS, high-amylose maize starch; RS, resistant starch; SCFA, short-chain fatty acid; SSB, single-strand break.
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These cells were used for the measurement of DNA SSB using the single-cell gel electrophoresis (comet) assay as described previously (20) . DNA DSBs were also measured using the comet assay as described previously (20) . Comet tail moment is the product of tail length and the fraction of DNA in the tail and was calculated for 50 cells from each of three slides per rat. The measure was calculated by Scion Image Beta 4.02 image processing and analysis software (Scion Corporation, Frederick, MD) using a public domain macro (21) .
Apoptosis
Apoptosis was measured using a diffusion apoptosis slide halo assay kit (Trevigen, Gaithersburg, MD). Two hundred cells were measured in duplicate for 12 animal groups and nucleoids with halo patterns were counted using a fluorescence microscope (EX41, Olympus, Tokyo, Japan) with Image Pro Plus software (Media Cybernetics, Silver Spring, MD).
Colonic mucus layer thickness A 1 cm segment of colon was removed from each rat at a point 2 cm from the most distal end of the colon and cut open along the anti-mesenteric ridge and the mucosal surface was washed gently with 0.15 M NaCl solution to remove digesta. The thickness of mucus lining the colon was determined by further cutting the tissue into 1.6 mm lengths, illuminating the tissue segments, capturing numerous images of the mucus layer along each segment, and then measuring the thickness using an image analysis programme as described previously (7) . For each animal, 10 measurements were taken at different points along four tissue segments to give 40 thickness measurements in total.
SCFAs and phenols
Faecal and caecal contents were thawed and then distilled and homogenized with 20 ll of 1.68 mM of internal standard (heptanoic acid). The contents were analysed for SCFA (acetic, propionic and butyric acids), in duplicate, using an Agilent Technologies 6890N Network Gas Chromatograph System fitted with a Zebron ZB-FFAP column (0.53 mm Â 30 m) (Phenomenex, Torrance, CA) as described previously (22) . Caecal and faecal phenol and p-cresol were analysed by a previously described method (23) .
Statistical analyses
The experiment was designed as a randomized complete block design based on 2 Â 6 factorial treatment arrangement [two dietary protein types (three levels) and two RS levels]. Data are presented as the mean ± SEM for each treatment group and presented with pooled SEM in tables. The effect of HAMS and protein and their interactions were determined by three-way analysis of variance and differences between treatments were analysed post hoc by Tukey's test. The relationship among caecal and faecal characteristics, colonic DNA damage and mucus layer thickness was determined by Pearson coefficient of regression model controlling for the effect of the different diet. Analyses were performed using a SAS statistical software program (version 8.02 Statistical Analysis System Institute, Cary, NC). A value of P , 0.05 was used as the criterion of significance.
Results
Body weight gain and daily food and water intake The mean initial body weight (Table II) for all groups combined was 200 ± 2 g. Final body weight was unaffected by protein type or level. However, it was lowered significantly in rats fed HAMS compared with those fed the control starch (P , 0.01). The mean weekly weight gain was unaffected by protein type or level but was significantly lowered in rats fed HAMS (P , 0.01). Food intake was not affected by diets (Table II) . There was no effect of protein type or RS on daily water intake, but water intake increased as protein level increased.
Caecal content and tissue weights, faecal and urine output, pH, intestinal weight and length The wet weight of caecal contents (Table II) was 2.7 times higher in rats fed HAMS than those fed standard starch (P , 0.001). Caecal digesta wet weights were significantly higher in rats fed red meat plus HAMS compared with those fed the white meat plus HAMS. Caecal tissue weight was significantly greater in rats fed HAMS but was unaffected by protein type and level.
Faecal output (Table II) was unaffected by protein type but was increased by feeding HAMS. Daily urine output was unaffected by HAMS but rose with increasing dietary protein. Both caecal and faecal pH were lowered significantly by feeding HAMS (P , 0.0001).
There was an increase in colon length (Table II) when rats were fed the HAMS compared with those fed the control starch (P , 0.01). Rats fed the red meat diets showed significant increase in colon tissue weight compared with those fed the white meat diets (P , 0.05). Colonic digesta wet weights were unaffected by diet (Table II) . There were no main effects of protein level, protein type or HAMS on small intestinal length or tissue weights (Table II) . However, there were significant interactive effects of protein type and HAMS and protein level and HAMS on small intestinal tissue weights.
DNA damage and apoptosis
Colonic DNA SSB ( Figure 1A ) were increased significantly and dose dependently (P , 0.001) with increased dietary protein as red or white meat in rats fed the control starch. This increase was significantly greater for red than for white meat (P , 0.001). However, the difference between red and white meat in the absence of RS was only at the highest level of protein. When the diet contained HAMS, there was no significant increase in colonocyte SSB with increased dietary protein nor were there any differences between the meats. Total protein and fat of white meat groups were matched with corresponding red meat groups. Diets based on AIN-93 formulation.
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High red meat diets induce greater numbers of colonic DNA DSBs than white meat in rats
As with SSB, colonocyte DNA DSB rose with greater dietary protein levels in rats fed the control starch ( Figure 1B) . However, the increased genetic damage was significant only in rats fed the red meat diet. There were significantly greater numbers of DSB with red meat than white meat in rats fed the control starch (P , 0.0001) while the feeding of HAMS abolished any effect of dietary protein on this index of genetic damage. There were similar trends in comet tail length as for SSB and DSB based on tail moment as described above (data not shown).
The feeding of red meat diets resulted in a significantly higher number of colonocytes undergoing apoptosis than white meat diets in rats fed the control starch ( Figure 1C ; P , 0.001). However, there was no difference in the effects of the two meats on apoptosis when HAMS was present. The effects of red meat on apoptosis levels were effectively unchanged by the presence or absence of HAMS but when white meat was consumed, apoptosis levels were significantly higher for diets containing HAMS compared with diets without HAMS (P , 0.001). Consequently, there was a significant overall increase in apoptosis with dietary HAMS (P , 0.05).
Colonic mucus layer thickness Colonic mucus layer thickness was thicker in all rats fed HAMS compared with those fed standard starch (Figure 2 ; P , 0.001). A significant dose-dependent loss of mucus barrier thickness was seen in rats fed the red meat diet plus the control starch but not in the corresponding groups fed white meat. Regression analysis indicated an inverse correlation between comet tail moment of colonocytes and mucus thickness (SSB: n 5 96, r 5 À0.36, P , 0.001; DSB: r 5 À0.43, P , 0.0001).
Caecal and faecal SCFA Acetate, propionate, butyrate and total SCFA pools were measured in the caecum and faeces and all were significantly increased by dietary HAMS (Table III; all P , 0.0001). There was a significant independent effect of protein type on caecal acetate, propionate and total caecal SCFA pools with higher values overall in rats fed red meat plus HAMS compared with those fed white meat. The faecal butyrate pool was significantly higher in rats fed white meat than in those fed red meat. In contrast, dietary red meat increased the caecal butyrate pool compared with white meat. Regression analysis indicated that there was a significant correlation between caecal butyrate pools and apoptosis level (n 5 96, r 5 0.35, P , 0.001), but no significant relationship was found for the other SCFA.
Phenol and p-cresol
There was a significant reduction in both caecal and faecal concentrations of phenol and p-cresol for rats fed HAMS compared with those fed without HAMS (Table IV) . Caecal and faecal p-cresol concentrations, but not phenol concentrations, were increased to a greater extent by red meat than white meat overall.
Discussion
In this study, we showed, in rats, that dietary red meat results in significantly greater number of colonic DNA SSB and DSB than white meat as measured by the comet assay. Genetic damage is a prerequisite for cancer and so these data are consistent with the epidemiological findings linking higher consumption of red meat to greater CRC risk. The present data are consistent also with the absence of excess risk with white meat consumption noted in those population surveys. This extends our previous studies showing that high levels of dietary protein from a range of sources, including red meat, can increase colonic DNA SSB and that dietary RS inclusion is protective (8) . In particular, we have now measured DSB, a form of DNA damage linked more closely to risk of carcinogenesis (24, 25) , and have demonstrated a dose-dependent increase in these breaks in response to red meat. As in our previous studies, the protection afforded by dietary RS in the present study relates well with increases in the production of the SCFA, butyrate in particular, which is thought to play a role in maintaining the integrity of colonic cells.
DNA damage in somatic cells of eukaryotes can take the form of SSB, DSB or DNA adducts (covalent modifications of DNA bases) and, unless such damage is repaired, the retained errors can ultimately and 35% of diet) with or without 20% high-amylose maize starch (HAMS) on colonic DNA damage (A single-strand DNA breaks; B double-strand DNA breaks) and apoptosis (C) levels in rats. The comet assay was performed on colonocytes extracted from the colon and the resulting comet tail moments (comet tail length x % DNA in the tail) are presented. The % of cells undergoing apoptosis was determined by the halo assay also using colonocytes extracted from the colon. All data are presented as the arithmetic mean ± SEM (n 5 8). Values not sharing the same letter are significantly different (P , 0.05).
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lead to frank outcomes such as cancer (26) (27) (28) . Indeed, hereditary non-polyposis colon cancer is associated with a deficiency in capacity for DNA mismatch repair (29) . DNA DSBs are potentially more deleterious than SSB in terms of cancer risk as the nature of the repair mechanisms involved may lead to further deleterious changes to the DNA (17, 28) . In light of this, the present demonstration of a dosedependent increase in colonic DNA DSB with red meat consumption in the absence of HAMS must at least suggest that such a diet in humans could contribute to increased risk of CRC and other bowel diseases. In support of the potential for high-protein diets to influence risk of CRC through DNA damage events, a recent study of individuals with some common variants of mismatch repair genes associated with CRC found that high intakes of processed meats significantly increased the risk of CRC when individuals had at least one copy of some MSH3 alleles (29) .
In this study, cooked white meat was shown to induce DNA damage in a dose-dependent manner, albeit at a level significantly lower than that induced by red meat. There is no evidence to suggest that a high intake of white meat is associated with increased risk of CRC, although increased protein intake per se has been linked with greater risk (6) . It is known that dietary protein can reach the large bowel and undergo fermentation (30) , releasing potentially toxic by-products. To what extent red and white meats differ in their capacity to reach the large bowel and promote fermentation is not known. We propose that the level of DNA damage induced by white meat consumption can be managed effectively by colonocytes but that the greater damage induced by red meat crosses a threshold level above which DNA maintenance mechanisms become ineffective so that genomic stability is compromised. This seems consistent with what is known regarding intracellular responses to stress and with our data. DNA damage results in the activation of a number of pathways, such as the ATM/ Chk2 pathway for repair of DNA DSB (31) . Many of these pathways are dependent on the tumour suppressor protein p53, which acts to induce cell-cycle arrest at the G 1 checkpoint to enable repair and cell survival (32) . In contrast, under conditions where DNA damage is extensive, a greater expression of p53 leads to induction of cell death (33) . Also, Deckbar et al. (34) have demonstrated that a certain number of DNA DSB may be required to induce a second G 2 -M checkpoint. We measured the level of apoptosis in colonocytes in this study and found that red meat increased apoptosis in a dose-dependent manner analogous to the increase in DNA damage. However, apoptosis was unchanged when rats were fed red meat and HAMS, suggesting that any lowering of damage was through less induction of SSB and DSB. In contrast, apoptosis was higher in rats fed white meat plus HAMS than in those fed white meat and the digestible starch. This Mean values in a row with unlike superscript letters were significantly different (P ,
0.05).
High red meat diets induce greater numbers of colonic DNA DSBs than white meat in rats indicates that apoptosis may have contributed more protection when white meat was fed with HAMS. The epidemiological data on the role of dietary fibre in CRC are somewhat ambiguous. A meta-analysis of a number of prospective studies concluded that fibre did not confer any protection (35) . In contrast, a large European multicentre study showed significant dose-dependent risk reduction with increased fibre consumption (36) . The discrepancy can be reconciled if the definition of dietary fibre includes RS. There are data showing that non-starch polysaccharides may not be an important contributor to protection as RS in groups at low risk (6) . Fermentation of RS in the large bowel results in increased production of SCFA, including butyrate, which is then used by colonocytes for energy and maintenance of a normal phenotype through enhanced apoptotic activity (37, 38) . Our previous studies have shown that dietary HAMS protects against protein-induced colonic DNA damage in rats through a mechanism that correlates well with levels of butyrate produced in the large bowel (9) . Currently, we have confirmed increased SCFA production by 20% dietary HAMS. Now, we have shown that HAMS not only protects against DNA SSB but DSB as well. We have noted earlier that in the absence of dietary HAMS that increasing dietary white meat did not induce an increased apoptotic response whereas red meat did; seeming to suggest that the higher level of damage by red meat crossed a threshold beyond which apoptosis was induced. It is therefore interesting to note that there was an effect of HAMS on apoptosis levels (an increase) when white meat, but not red meat, was consumed. The levels for red meat remained high. This is consistent with RS (or products of RS fermentation) improving the ability of cells to detect DNA breaks and/or lower the threshold at which apoptosis cuts in. DNA damage was measured using the comet assay and only cells that did not appear to be necrotic or undergoing apoptosis were used for analyses. Therefore, the relatively low levels of colonocyte DNA damage observed for HAMS treatments suggest that the non-apoptotic, surviving cells are relatively free of damage, if it is assumed that the levels observed are at baseline (normal).
In an earlier rat study demonstrating protection against red meatinduced DNA damage, HAMS was fed at 48% of the diet, a level far higher than would normally be consumed by humans (8) . The present demonstration of protection with 20% HAMS is important as it indicates that inclusion of RS in the diet at levels that could be acceptable to humans could lower risk of colorectal disease. We have shown previously that as little as 10% HAMS (i.e. $5% RS) conferred significant protection against protein-induced SSB (10) . This translates to an intake of RS which could be achieved by humans (39) .
One of the common explanations for the association between increased risk of CRC and red meat consumption is increased formation of heterocyclic amines during cooking. In the present study, both red and white meats were cooked using the same method, eliminating it as a factor in explaining their different effects on colonic DNA damage. However, red meats contain greater amounts of haem in comparison with poultry and haem is known to stimulate production of genotoxic endogenous N-nitrosocompounds in the human gut (40, 41) . Moreover, endogenous N-nitrosation can lead to formation of promutagenic and toxic DNA adducts such as O 6 -carboxymethyl guanine (42) . Also, red meat is known to be high in sulphur amino acids and a human study has shown that red meat consumption dose dependently increases faecal sulphide (43) . Carbohydrates are a preferred substrate for many colonic bacteria and in its absence bacteria may also degrade the sulphomucins of the mucus barrier and thereby also generate hydrogen sulphide (44) . Increased protein fermentation as a consequence of high-protein diets can also produce harmful compounds such as phenols, cresol, indoles, amines and ammonia (45) . High concentrations of these compounds are toxic to the epithelium and may promote genomic instability. A recent rodent study demonstrated that undigested protein promoted azoxymethane-induced adenocarcinoma in the small intestine (46) . However, these toxic compounds implicated in bowel cancer (47) are reduced when RS is added to the diet (48), whereas other by-products such as N-nitrosocompound may not be affected by RS in humans (49) . The present study supports this Mean values in a row with unlike superscript letters were significantly different (P , 0.05).
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by demonstrating a significant reduction in concentrations of phenol and cresol concentrations in caecal content and faeces when HAMS was included in the diet. Accumulation of harmful by-products of protein metabolism may be reduced by the fermentation of carbohydrate. Moreover, lowering of colonic pH through increased SCFA produced in response to RS fermentation may limit the production of ammonia. Loss of barrier function is a prominent feature of inflammatory bowel diseases and high dietary protein has been related to loss of remission from ulcerative colitis (50) . We have shown a significant inverse relationship between colonic DNA damage, especially DSB, and thickness of the colonic mucus layer. Rats consuming 25 or 35% red meat or 25% white meat without RS had a significant reduction in colonic mucus layer thickness an effect which was reversed when HAMS was added to the diet. Previous studies have suggested that SCFA increase colonic mucin secretion in vivo (51, 52) . Moreover, a study conducted using human biopsy samples showed butyrate in particular reduced sulphide-induced mucosal hyperproliferation (53) . In addition, a previous study demonstrated that colonic mucus layer thickness was positively related to dietary HAMS levels, and caecal butyrate pools showed a stronger relationship than other SCFA (10) . Our data support an important role for dietary RS in maintaining the mucus barrier in the colon as one of the means by which it contributes to large bowel health.
Previous studies have demonstrated that inclusion of 48% HAMS in the diet increased colon and small intestine lengths (8, 9) . In the present study, there was an increase in colon length, but not small intestine length, when rats were fed the 20% HAMS diets. These findings indicate that RS consumption may stimulate the release of hormones and growth factors to facilitate gut growth and these could also influence the growth of organs at sites distant to the gut.
In conclusion, we have demonstrated that an increase in red meat consumption increases colonic DNA damage and thinning of the colonic mucus layer to a greater extent than white meat in a rat model. We have shown for the first time that dietary red meat increases colonic DNA DSB, a more severe form of damage than SSB. Inclusion of HAMS as a source of RS in the diet attenuated red and white meatinduced DNA damage, restored thickness of the colonic mucus layer, increased levels of apoptosis, increased large bowel SCFA concentrations and reduced harmful by-products of protein metabolism. It must be recognized that in the rat SCFA production is located principally in the caecum while in humans and other omnivorous species (e.g. the pig) fermentation occurs in the proximal colon (54) . Nevertheless, the rat is a useful model for initial investigation and our findings support recent epidemiological studies on diet and risk of CRC and suggest that higher levels of genotoxic products formed in the large bowel of individuals consuming red meat versus white meat in the absence of dietary fibre in the form of RS lead to greater loss of genomic stability in the long term.
